physical loads. Concentric hypertrophy in this sense would be quite effective in compensating pressure overload, because the component of increase in intramural tangential stress due to enlarged ventricular radius is absent or only insignificant, and such a mechanism is usually explicitly acknowledged in the interpretation of cardiac activity in concentric hypertrophy.
In routine autopsy studies concentric hypertrophy is immediately diagnosed on macroscopical observation.
However, the designation of this pathological change is not always an exact one, because cardiac hypertrophy due to pressure load may be often associated with more or less pronounced increase in ventricular capacity, even before there is any sign of cardiac insufficiency in clinical records or autopsy findings. In view of this experience, it seems necessary to re-examine the current concept of concentric hypertrophy by pertinent quantitative analysis of autopsied hearts.
The reports of exact measurement of ventricular capacity of autopsied hearts have been unexpectedly few in number.
The only intensive investigation of this problem was probably that of Kyrieleis (1963) , who studied the change of cardiac configuration in the course of postnatal development . However, his interest was focussed on the normal cardiac development , and the investigation was not intended for the analysis of hypertrophied hearts. The present study is there fore planned to provide information about the relation of the quantity of ventricular mass with ventricular capacity in cardiac hypertrophy due to pressure load in the state of rigor mortis .
On the other hand, systolic blood pressure level in life was correlated with left ventricular weight in another series of autopsy cases . On the basis of the results from the two investigations , mechanical characteristics in the development and activity of hypertrophied hearts are discussed , using physical models for different types of cardiac hypertrophy.
MATERIALS AND METHODS
From the autopsy cases of patients over 20 years of age and with miscellaneous diseases including essential and renal hypertension, the hearts were taken out of the thoracic cavities by routine techniques. The younger age group was not used , because the heart weight could not simply be correlated with blood pressure level in the course of normal development. The cases of clinically noticed chronic cardiac insufficiency and those of extreme anemia or metabolic disorders which might influence heart weight were also excluded from the present study. The blood was let flow out from the cardiac orifices with out opening left ventricular cavity. Blood clots were removed manually or with the aid of forceps as much as possible. The organ was then weighed , and if the heart weight was l ower than 200 g, the case was not used for further studies , as extremely low heart weight i s usually associated with some cachectic condition ,, which might lower cardiac weight i rrespective of blood pressure level. Each of the selected hearts was placed without opening the left ventricle in a sufficiently large vessel containing 10% formalin solution under care to avoid distortion and fixed for about a week .
The heart was then severed at the atrioventricular border . The mitral and aortic valves were macroscopically examined for valvular disorders . If any valvular disorder was found, the case was excluded from the study . After macroscopical observation the mitral valves were excised at their roots to provide easy access to the left ventricle . The free portion of the right ventricle is then dissected , and the net weight of the left ventricle including the ventricular septum was measured . Immediately after the measure ment, the left ventricle was gently filled with water insoluble plastic material , and the ventricular capacity was estimated from the quantity of plastic material consumed for replenishment.
The left ventricle was then sliced by a number of parallel transverse sections and examined for stenosing coronary sclerosis, myocardial necrosis, scars and other myocardial damages which might cause ventricular dilatation. If any pathological change of this character was discovered, the case was excluded from further studies. In the consequence of the above-mentioned selection processes, 67 hearts could be submitted to the examination.
They consisted of practically normal adult hearts and functionally and anatomically well-preserved hypertrophied hearts due to pressure load.
In another series of autopsy cases, the heart weight was correlated with blood pressure, with the purpose of obtaining the quantitative relation of increase in myocardial mass with pressure load. The group comprised 93 selected hearts consisting of practically normal adult hearts and those from cases of essential or renal hypertension, without complicating myocardial damage or valvular disorders and also free from other diseases, which might cause deviations in the blood pressure-cardiac weight relation. In all the selected cases, clinical records of repeated blood pressure measurements were available, so that the estimation of representative systolic blood pressure level of individual cases in life was made possible. The hearts were examined by routine autopsy techniques.
The left ventricular weight was accordingly not directly measured in this series, but it was estimated from the total heart weight by the use of the regression equation proposed by Arai et al. (1968) .
RESULTS

Left ventricular weight and left ventricular capacity
In the present study, left ventricular capacity is defined and estimated on the assumption of fully developed rigor mortis. This condition of the left ventricle develops rapidly after death and attains its maximum already within the first postmortal hour in usual autopsy cases. Its resolution seems to depend upon a number of different factors and to be different from case to case, but complete resolution takes place in about 24 hours. It is quite possible, however, that in several postmortal hours the heart is in some intermediate stage from fully developed rigor mortis to its complete resolution. Partly resolved rigor mortis may induce more or less pronounced enlargement of the capacity and cause deviation in the estimates of this quantity. As a preliminary examina tion, the ratio VL/WL, or the ratio of left ventricular capacity to left ventricular weight, was plotted against the postmortal time in hours at the start of autopsy, and the result is demonstrated in Fig. 1 .
In the great majority of cases the autopsy was started within 5 postmortal hours, and in this range of postmortal time there is no tendency toward elevation or depression of the ratio. Even after that time, the ratio seems to be practically constant so far as the present specimens are concerned, although a very limited number of autopsy cases after 5 hours do not allow any general comment on rigor mortis in this stage. Consequently, possible influence of partly resolved rigor mortis may be disregarded, and VL is plotted against WL in Fig. 2 on a logarithmic coordinate system. It is immediately noticed in Fig. 2 that the scatter of individual values are relatively large. This is presumably due to extreme narrowing of the left ventricle in fully developed rigor mortis, and possible individual differences in the ventricular capacity in life are accentuated, especially when the small quantity is expressed with its logarithm. Nevertheless, a roughly linear regression is observed in the diagram for the common group of the hearts from normotensive and the great majority of hypertensive cases. The coefficient of regression is about 1.17. The result is very important, because it demonstrates an increase of left ventricular capacity approximately in proportion to the increase of left ventricular contractile mass. When the left ventricular weight attains to n times the normal, the left ventricular capacity is also enlarged to more than n times the normal. It is, of course, conflicting with the current concept of concentric hypertrophy.
Notwithstanding this conclusion, there are 4 exceptional cases in the present specimens, in which the behavior of the left ventricle conforms perfectly to the classical concept of concentric hypertrophy. The left ventricular capacity remains almost unchanged, while the ventricular weight is elevated. The ratio VL/WL is accordingly very low in these cases. They constitute a group distinctly separated from the other cases, and there are no transitional cases which would link them with the majority. Three out of the 4 cases were those of dissecting aneurysm, and the other was that of a 69-year-old male with non-fatal chronic glomerulonephritis. Death ensued upon complicating pneumonia in the latter case. The prevalence of dissecting aneurysm in the exceptional cases is noteworthy. The result is correlated with representative systolic blood pressure Psys in Fig. 3 on a logarithmic coordinate system.
From Fig. 3 it is evident that the hearts of pressure load together with ones from normotensive cases make a single group exhibiting a roughly linear regression. 
DISCUSSION
The result of the present study on the relation of ventricular weight and capacity casts serious doubt upon the current concept of concentric hypertrophy as the general form of cardiac adaptation to persistent pressure load. It would be hardly acceptable that the hearts in the present specimens were already in the state of secondary dilatation, which had developed on primarily concentric hypertrophy in the strict sense; there was any sign of cardiac insufficiency neither in clinical records nor in autopsy findings. Consequently, the following hypothesis seems more reasonable: The heart responds to pressure overload not only with an increase in contractile mass, but also with corresponding growth of the ventricular cavity from a very early stage of structurally fixed adaptation . In this type of cardiac hypertrophy, the heart retains approximately a shape geometrically similar to that of the normal heart, and the condition may be most aptly called "isomorphic hypertrophy" .
The meaning of the exceptional cases of very low VL/WL is still utterly obscure . It is rather improbable that these hearts represent the initial stage of cardiac adap tation to pressure load, in view of already long standing pathological process . However, the prevalence of dissecting aneurysm in the present specimens suggests that the shape of the left ventricle is in some way influenced by physical properties of the aorta. This interesting problem awaits further examinations . In the other case of chronic glomerulonephritis, the aorta was not submitted to histological examinations, and it is not clear whether this case can also be interpreted on the same basis. In any way, we think concentric hypertrophy as a general form of cardiac adaptation to pressure load rather dubious. T/t=nP0(r0/t0) (7) is derived immediately from (4), (5) and (6) . The expression (7) shows that the tangential stress required from a myocardial layer of unit thickness is not compensated, if cardiac hypertrophy is accompanied by a growth of ventricular cavity, as it is the case with autopsied hearts .
Further it is noteworthy that in hypertrophied hearts the stress or the force required from muscle fibers is augmented with the progress of ventricular contrac tion, while it is essentially unchanged in the normal heart. This imposes quite an unfavorable condition on the heart muscle, because the maximum contractile force generated by the muscle fibers declines with the progress of ventricular con traction. There is accordingly a good reason to assume that the heart muscle may succumb to the load before the normal stroke volume is obtained . The residual blood volume is elevated, and the heart has to start the next contraction from stronger stretch of muscle fibers. As the ventricular dilatation advances , it enhances in turn intramural tangential stress and finally leads to cardiac insufficiency. The principle of such an interpretation is in complete agreement with the view of Linzbach (1958 Linzbach ( , 1960 . The only difference is that we regard isomorphic hypertrophy instead of classical concentric hypertrophy as the standard form of cardiac adaptation to pressure load . In our conclusion, therefore, cardiac hypertrophy due to pressure load is exposed to larger risk of mechanical insufficiency than was assumed in previous investigations .
The calculation on the model has thus disclosed common characteristics in the performance of hypertrophied hearts of any type; smaller contraction of muscle fibers under larger stress and increase of load on muscle fibers with the progress of cardiac contraction. The result suggests , on the other hand, an important mechanism in the development of cardiac hypertrophy in general . An increase of load, of whatever nature it may be, lets the heart start the contraction from a state of more or less over-stretched muscle fibers or from a larger end-diastolic ventricular cavity, because the contractile force generated by muscle fibers is so raised as to overcome the increased load. Owing to the larger ventricular cavity at the start of ventricular contraction, the ventricle can expel the normal stroke volume already after a smaller contraction than the normal one. This seems to be the most important adaptation mechanism, because it dispenses with the terminal phase of muscular contraction, where declining contractile force would not always meet progressively rising requirement. Even to pressure load, the first step of cardiac adaptation must be ventricular dilatation, and there is no fundamental difference in the pathogenesis of hypertrophy, whether it is incited by pressure load or volume load. The ventricular dilatation is then followed by re inforcement of the myocardial layer by means of the increase of contractile mass, and the well-known configuration of cardiac hypertrophy is accomplished.
However, the thickening of the ventricular wall does not attain to such an extent as to lower the stress of individual muscle fibers to the normal level, as demonstrated in Fig. 5 . Cardiac hypertrophy is after all an imperfect or defective compensatory process requiring a larger stretch of individual muscle fibers in the initial systolic phase.
The reserve capacity of muscle fibers is reduced and the heart is exposed to latent risk of mechanical insufficiency before a necessary stroke volume is obtained.
It is further to be pointed out that cardiac hypertrophy due to pressure load is not a process opposite to dilatation hypertrophy induced by volume load. The former represents rather an intermediate form between the normal and the latter.
This view is also supported by the study of Tezuka (1975) , who demonstrated that the myocardial muscle fiber orientation in isomorphic hypertrophy occupied an intermediate position between normal hearts and dilata tion hypertrophy.
